High emitter MAO ceramic coatings were fabricated on the Al 6061 alloy, using different bipolar anodic current densities, in an alkali silicate electrolyte. We found that, as the current density increased from 10.94 A/dm 2 to 43.75 A/dm 2 , the layer thickness was increased from 10.9 m to 18.5 m, the surface roughness was increased from 0.79 m to 1.27 m, the area ratio of volcano-like microstructure was increased from 55.6% to 59.6%, the volcano-like density was decreased from 2620 mm −2 to 1420 mm −2 , and the -alumina phase was decreased from 66.6 wt.% to 26.2 wt.%, while the -alumina phase was increased from 3.9 wt.% to 27.6 wt.%. The sillimanite and cristobalite phases were around 20 wt.% and 9 wt.%, respectively, for 10.94 A/dm 2 and approximately constant around 40 wt.% and less than 5 wt.%, respectively, for the anodic current densities 14.58, 21.88, and 43.75 A/dm 2 . The ceramic surface roughness and thickness slightly enhanced the IR emissivity in the semitransparent region (4.0-7.8 m), while the existing phases contributed together to raise the emissivity in the opaque region (8.6-16.0 m) to higher but approximately the same emissivities.
Introduction
The growing demand of limited energy sources requires adoption of effective methods to save energy consumption and to prevent unwanted energy loss. The high emitter surfaces enhance the thermal performance of heating and cooling systems and consequently reduce the needed energy [1, 2] . Several methods are applied to the material surfaces to enhance their emissivities, such as coating by thin tape films, paint and lacquer, roughening, and surface anodizing.
One of the promising coating methods is the microarc oxidation, MAO. The MAO ceramic coating has perfect properties such as wear resistance, corrosion resistance, hardness, strong adhesion, and thermal shock resistance and can be fabricated on the surfaces of aluminium, magnesium, and titanium alloys . The properties of the MAO ceramic coating are affected by the electrolyte compositions [63] [64] [65] [66] [67] [68] [69] [70] [71] , treatment time [14, 28, [70] [71] [72] [73] [74] [75] , electrolyte temperature [70, 76] , voltage [72, [77] [78] [79] [80] , current density [6, 47, 55, 70, [81] [82] [83] , current mode [84, 85] , and electrode geometry [86] .
The applied current modes in the MAO process are DC, AC, unipolar, and pulsed bipolar. The pulsed bipolar mode was found to enhance the surface properties of treated metals, improve the thickness and homogeneity of oxide layers, and limit the growth of the porous layer [6] [7] [8] 54] .
Coating aluminium with a high thermal radiator of MAO ceramic will find its applications in low profile devices, heat sinks, electronic parts, LED, lasers, refrigeration, air conditioning, transport industries, liquefaction plants, power plants, petroleum refineries, and others. Previous studies rarely demonstrated the IR emissivity of the MAO coatings. For example, Wang et al. [87] studied the IR emissivity at 500 ∘ C of MAO ceramic coating on 2024 aluminium substrates and illustrated that -Al 2 O 3 , silicon oxides, and phosphate oxides contributed to high emissivity at wavelengths 8-20 m, while the surface roughness was responsible for increasing emissivity at wavelength range 3-5 m. Tang et al. [39] studied the emissivity of MAO ceramic prepared on Ti6Al4V substrate and reported that more Co contents 2 Journal of Ceramics enhanced the emissivity of the ceramic surface at 700
∘ C and at wavelengths 3-20 m. A relatively high emissivity was found by Wang et al. [88] when they studied the emissivity (8-14 m, 700 ∘ C) of the surface of ceramic coating on Ti6Al2Zr1Mo1V alloy, and they pointed out that the TiO 2 phases were contributed to enhance the emissivity.
The geometry of the MAO-treated samples plays a main role in the industrial applications as a finishing process. The first effect comes to mind (by keeping the current output of main power supply constant and changing the sample dimensions) is the variation of current density. Previous works kept the sample dimensions constant and changed the input current density. Khan et al. [6] 2 ) for MAO treating of aluminium in the alkaline silicate electrolyte at 10 ∘ C for 45 minutes and obtained thicker coatings, higher growth rate, and coating ratio at 15 A/dm 2 of current density, but the 20 A/dm 2 of current density decreased these properties due to the dominant of electrolyte dissolution over the coating building. The effects of bipolar current density on MAO ceramic coating formed on titanium alloy were studied by Sun et al. [83] in an electrolyte of sodium aluminate and hypophosphate at 35 ∘ C for 70 minutes. The cathodic ( ) and anodic ( ) current densities ranged between 6 and 12 A/dm 2 . They pointed out that the lowest ratio of / formed a denser and thinner layer with more uniform microstructures and did not contain -alumina phase, while the highest / ratio formed a thicker ceramic coating comprised of entirelyalumina phase with poor adhesion to the substrate.
The main aim of the present work is to change the sample dimensions and find out the effect of the anodic current density on the microstructural and compositional properties of the MAO ceramic coating and the resultant low-temperature IR emissivity.
Experimental
Rectangular pieces (4 × 4 × 0.2 cm 3 ) of aluminium alloy 6061 (Mg 1%, Si 0.65%, Fe 0.7%, Cu 0.3%, Cr 0.2%, Mn 0.15%, Ti 0.15%, and Al balance) were used as substrates in this study. The exposed surface was ground to a 1200 grit SiC finish using the water as a lubricant, followed by rinsing in the doubly distilled water and drying in the air, while the other side was totally insulated using a Teflon tape.
Four different assemblies were applied by mounting a different number of pieces into a 6061-Al alloy clamp to get 16, 32, 48, and 64 cm 2 of exposed working area to the electrolyte and consequently different applied current densities. The preparation of samples was conducted for 10 minutes in a fresh electrolyte which consisted of 0. were connected to the pulse controller with 100 V, 3.5 A for DC1 and 500 V, 7.0 A for DC2, as shown in Figure 1 . The samples were connected to the output E2, while another 243 cm 2 aluminium 6061 plate was connected to E1. Only Al 6061 alloy touched the electrolysis solution to avoid any contamination due to diffusion of wires, electrodes, or screws. According to Figure 1 , both electrodes (E1 and E2) were alternating between the cathodic and anodic biasing according to the output bipolar pulse; the DC2 supplied the sample in the anodic period, and the DC1 supplied it in the cathodic period. The resultant peak anodic biasing current densities, , were 10.94, 14.58, 21.88, and 43.75 A/dm 2 .
Unlike the sample, no microarc oxidation was occurred on the aluminium plate due to the relatively low voltage during its anodic period. To avoid the effect of chemical reaction with the plate surface, we renewed the plate for each MAO experiment, despite being in a good situation. After completing every treatment, the samples were immediately immersed and cleaned with distilled water and then dried and stored in a sealed container. Before any use or test, samples were cleaned using an ultrasonic bath of doubly distilled water, propanol, acetone, and again doubly distilled water, 10 minutes for each, followed by air drying in the fume hood.
Different 27 randomly selected places were captured for each sample by the SEM (S4160, Hitachi). We performed the image analysis using Image Pro Plus 7.0 software (Media Cybernetics, Inc.) to estimate the volcano-like microstructure area ratio. The density of volcano-like was estimated by dividing its total number over the total area of SEM frames for the same sample.
The elemental composition analysis of ceramic coating layers was carried out using Hitachi EDX S4800. Low-angle X-ray diffraction (CuK ; XRD, X'Pert PRO MPD, PANalytical, The Netherlands) was used to obtain the XRD patterns of as-deposited ceramic coatings. We performed the semiquantitative analysis of the XRD spectra using the so-called reference intensity ratio method (RiR method, de Woolf and Visser [89] ) by MATCH! software (V.1.11f, Crystal Impact GbR) and selected the best fit phases and compositions, in addition to estimating their weight percentage.
For each sample, at least 16 different locations were studied to determine the average of surface roughness using a surface roughness tester (Mitutoyo, SJ310) and layer thickness using an eddy-current coating-thickness tester (Extech CG204).
We used a modified Fourier transform infrared spectroscopy (FTLA2000 Series Spectrometer, ABB) to analyze the IR emissivity of the samples at 70 ∘ C, by comparing with a reference blackbody radiation in the wavelength ranging between 4 m and 16 m. 
Possible Chemical, Electrochemical Reactions and Phase Transformation
Our MAO treatment was conducted in an electrolyte contained sodium hydroxide and sodium silicate. The samples were alternating between the cathodic and anodic polarizations as a result of the asymmetrical bipolar pulse mode, Figure 1 . The forming of compositions and phases can be classified into four periods according to the bipolar pulse mode. 
The chemical dissolution for the alumina ceramic reduces its thickness as given by the following reactions [91] :
The boehmite AlO 2 H also may be produced by the following reaction [92] :
The OH − combines the aluminium hydroxide [8] :
The aluminium oxidation [8] is
Based on the above, the alumina ceramic surface is chemically dissolved by the attack of OH − [8] , and this dissolution is more aggressive with the increment of liberated heat into the electrolyte from the treated surface.
+ on , the cathodic period: in this period, the negatively charged sample attracts the electrolyte cations; the anions including the products of the neutral period will be repelled away into the electrolyte, and the possible reactions are as follows.
The inward deposition of cations into the ceramic surface equations is following
Al
The sodium is a highly reactive metal and it will immediately react and dissolve into the electrolyte, (9) , except that which penetrates into the inner layers of the ceramic:
The water cathodic electrolysis is Some of the immigrant Al 3+ will be ejected into the electrolyte and combine with the hydroxide or silicate:
A part of silica will attach (without reaction) to the molten alumina and transfer into one of the silica phases, while another silica quantity combines with the ejected molten alumina and produces an aluminosilicate phase according to the transfer temperature and pressure:
The ejected molten alumina will contact the surrounding electrolyte, rapidly quenched and solidified, to form thealumina phase [94] :
While the slower cooling rate in the inner layers of the sparking channels is favored to form the -alumina phase [45, 94] ,
Heating the attached aluminium hydroxide and boehmite to an elevated temperature will transfer it into one of the alumina phases [95] :
Al(OH) 3
The anions will be attracted toward the surface during the anodic polarization and produce alumina and other compositions [10, 70] :
The silica is produced (24) by the combination between attracted silicate anions and H + which is produced by the water electrolysis on the anode (25)
Generally, the chemical dissolution occurs during the anodic and neutral periods, the MAO only occurs during the anodic period, and the cathodic period does not contribute to the ceramic building or dissolution. As a result of the previous reactions, the most likely compositions and phases on the surface of MAO-treated aluminium in the alkaline sodium silicate electrolyte are alumina phase/s, silica phase/s, and aluminosilicate phase/s, while other compositions mostly will be released or dissolved in the electrolyte or in water during the cleaning process.
Results
After the preparation by a month and six months, the samples were studied by the SEM and XRD. A disappearance of some small particles was notified in the accumulated particles region, as shown in Figure 2 . By comparing the XRD patterns, a strong peak for cristobalite (an SiO 2 phase) and other small peaks were almost vanished, Figure 3 , which suggested that these released particles mostly consist of the cristobalite phase. The small size cristobalite particles provide more surface area or surface energy, which are prone to be dissolved in water or other solvents during cleaning process, which tends to enhance the detachment of cristobalite particles [96] . Due to this phenomenon, all presented measurements and results in this study belong to the samples after six months of treatment.
A linear correlation occurred for the layer thickness and surface roughness with the current densities ≤ 21.88 A/dm 2 , followed by a deflection from the linearity for the highest current density, as shown in Figures 4(a) and 4(b) . The thinnest coating 10.9 m was formed at the lowest current density 10. using DC current by Raj and Mubarak Ali [70] . A linear correlation between the MAO alumina ceramic thickness and roughness is illustrated in Figure 5 , which is consistent with some previously published works [87, 97, 98] . Figure 6 illustrates the apparent microstructures in the SEM micrographs, which can be classified into accumulated particles, microcracks, and volcano-like microstructures. A volcano-like microstructure includes a solidified pool and a centered open/blind crater. The volcano-like microstructures are formed by the discrete localized microdischarge events. The rapid solidification of the molten alumina forms the microcracks and accumulated particles on and around the discharge channels [99] . Wei et al. [45] reported that more -alumina can be formed in the inner layers due to the low cooling rate, while the high cooling rate on the outer layer surface was favorable to form more -alumina during the solidification.
The increment of anodic current density significantly affected the size of volcano-like as presented in Figures  7(a)-7(d) . Smallest volcano-like microstructures with more population occurred for the lowest (10.94 A/dm 2 ), while the largest volcano-like microstructures associated with the highest (43.75 A/dm 2 ). To get more comprehensive results, an average of 27 different randomly selected positions were captured by the SEM for each sample and digitally analyzed by the Image-Pro Plus software to estimate the ratio of the occupied area by the volcano-like microstructures to the micrograph frame, and the results are presented in Figure 8 . A slight increment in the area ratio from 55.6% to 59.6% occurred for the occupied area ratio of the volcano-like microstructures due to the increment of the from 10.94 A/dm 2 to 43.75 A/dm 2 . On the contrary, a significant decrement from 2620 mm −2 to 1420 mm −2 was accomplished in the volcano-like density due to the increment of anodic current density, as shown in Figure 9 . Figure 10 shows the elemental compositions of several EDX study points over samples prepared at various anodic current densities. For all samples, the aluminium was dominant near to the craters, while its concentration was decreased as the study point moved away from the craters. More silicon was found in the accumulated particles, Figures 10(a)-10(d) . Few sodium amounts were found in the accumulated particles of the MAO ceramic surface prepared at 43.75 A/dm 2 . Figure 11 shows the XRD patterns of MAO alumina ceramics prepared at various anodic biasing current densities. The most apparent peaks belong to aluminium due to the Xray penetration into the substrate through the ceramic layer. To identify the compositions and phases related to other shorter peaks, we applied the RiR method by MATCH! software. The other major phases were -alumina, -alumina, cristobalite (an SiO 2 phase), and sillimanite (an Al 2 SiO 5 phase), while there were few amounts of Si and Na which are localized in the inner ceramic layer. The weight percentages of the major phases are presented in Figure 12 after subtracting the weight percentages of Al, Si, and Na. The -alumina phase was the dominant in the ceramic coating at low anodic current density. As the anodic current density increased, the -alumina decreased from 66.6 wt.% to 26.2 wt.%, while the -alumina phase increased from 3.9 wt.% to 27.6 wt.%. The sillimanite was around 20 wt.% for the lowest anodic current density of 10 Figure 13 shows the infrared spectra of MAO ceramic surfaces prepared at different anodic current densities, in addition to an untreated saw cut aluminium surface. The measurements were conducted at 70 ∘ C; the shaded rectangles belong to the absorption bands of CO 2 (centered at 4.3 and 14.9 m) and H 2 O (centered at 6.1 m) in the ambient air [100] [101] [102] [103] [104] . The MAO ceramic surfaces have higher emissivity values compared to the untreated saw cut aluminium surface.
The emissivity spectrum has three distinguishable wavelength regions. The emissivity increased with the wavelength increment in the first region, between 4.0 m and 7.8 m. The second region is characterized by a rapid ascending that starts from 7.8 m and ends at 8.6 m. The third region for wavelengths longer than 8. 
Discussions
At the first beginning of the MAO process, the relatively high anodic voltage activates the inward oxidation of the aluminium substrate by the reaction between the inward immigrant O 2− and the outward immigrant Al 3+ according to (11) [93] . The growth of aluminium oxide layer increases the electrical resistance, and at a specific thickness, the current begins to flow through weak points on the oxide layer and strengthens the electrical field, which in turn significantly increases the reionization of the surrounding electrolyte and the aluminium substrate and consequently triggers the plasma microdischarges. The elevated temperature of localized plasma (which ranges between 2 kK [105] and 11 kK [106] ) melts the alumina and vaporizes the electrolyte in the discharging circumference and evacuates the region of plasma discharging. Due to the pressure reduction, the molten alumina will be suctioned out of the discharging channel and the electrolyte flows toward the low pressure region and will be vaporized by the molten alumina. Some of Volcano-like area ratio solid molecules, such as silica, and ions may be attached on the surface of molten alumina, which forms the cristobalite and sillimanite phases which were found on the accumulated particles and on the solidified pools according to the EDX and XRD results. The volcano-like microstructures are created by the solidification of the molten alumina which spread over the surface around the discharging channels forming the solidified pools and the craters. According to the EDX results, more silicon was found on the accumulated particles and the edges of the solidified pools, which were identified by the XRD results to be the cristobalite and sillimanite phases. The increment of cristobalite and sillimanite phases on the accumulated particles and edges of solidified pools was because of the longer travelling distance during the ejection of alumina out of the discharging channel, which allowed more silica to be attached. After the solidification, the surface tension forms the microcracks and the accumulated small particles on the solidified pool edges which contain more cristobalite and sillimanite phases [107] . Also, the EDX results stated that the aluminium concentration increased as the study point approached the crater; this reflects that less reaction happened between the center of ejected molten alumina and the silica due to the flow of the vaporized electrolyte which might start from the edges and consequently more silica was attached on the edges. Figure 4 states the effect of anodic current density on the layer thickness and surface roughness. The small working area increased the current density which resulted in stronger microdischarges and consequently ejected more molten alumina out of the discharging channels, which increased the growth of the MAO ceramic coating, Figure 4(a) . As the MAO ceramic grew, the current flowed through less weak points, which strengthened the electrical plasma discharges and produced wider volcano-like microstructures, Figure 7 (d), less volcano-like density, Figure 9 , and a rougher surface, Figure 4 (b). The stronger microdischarges liberated more elevated temperature and vaporized more electrolytes which in turn formed an envelope of gas which surrounded the working area and slowed the cooling rate and was favorable to form more -alumina phases, Figure 12 (a). The growth of the ceramic layer, Figure 4(a) , was less at the highest current density, 43.75 A/dm 2 , due to the increment of liberated heat which increased the chemical dissolution around the working area [70] .
The alumina ceramic is semitransparent in the range 4-7.7 m and opaque in the 7.7-25.0 m range as reported by Rozenbaum et al. [108] . Boumaza (wt.%)
Total alumina phases Figure 13 : IR spectral emissivity of the MAO ceramic surfaces prepared at different anodic current densities.
and the -alumina has IR band positions at 15.50 and 16.45 m [109] . The cristobalite phase has IR peaks at 9.6, 11.4, 12.5, and 15.3 m, measured at 300 ∘ C, which shift into longer wavelengths at lower temperatures [110] . The sillimanite phase has IR peaks at 10.75, 11.63, 13.16, and 15.15 m, and a broadband ranges from 8.55 m to 9.80 m [111] . These facts explain the behavior of IR emissivity spectra in Figure 13 . For the range between 4.0 m and 7.8 m, the ceramic alumina is semitransparent and its emissivity is lower than that in the region (8.6-16.0 m) where the ceramic turns to be opaque and stronger emitter due to the existence ofalumina and other phases. The existing phases contributed to enhancing the emissivity in the opaque region, and the apparent peaks centered at 10.2 m and 12.8 m were formed by the cristobalite and sillimanite, while the 15.5 m was formed by the -alumina and cristobalite phases.
Previous studies showed that the infrared emissivity of ceramic surfaces depends on its chemical and physical properties such as compositions, phases, roughness, porosity, grain size, pore size, spatial repetition of the grains, and layer thickness, and each wavelength region has its own effective factors [88, 98, 108, 112] . According to Figure 13 , the intensity of emissivity has a slight variation in the semitransparent region, whereas no significant variation occurred in the opaque region. Referring to the phase concentrations in Figure 12 , the lowest current density formed 9 and 20 wt.% of cristobalite and sillimanite phases, respectively, while their weight percentages were approximately constants for ≥ 14.58 A/dm 2 . The -and -alumina phases are semitransparent for the wavelengths shorter than 7.7 m. On the other hand, both of the surface roughness and layer thickness were increased with the . This leads to the conclusion that the slight variation of the emissivity in the semitransparent region was due to the surface roughness and thickness, and the existing phases did not contribute to the variations of emissivity in this region.
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The emissivity averages of long wavelength infrared (LWIR) region (8) (9) (10) (11) (12) (13) (14) (15) 2 , respectively. The anodic current density did not change the LWIR emissivity significantly, which has a good application in the industrial field to fabricate a relatively high emitter MAO alumina ceramic surface which also provides a strong adhesion to the aluminium substrate, corrosion resistance, wear resistance, thermal shock resistance, and high hardness as found in previously published works. The high emitter MAO alumina ceramic will enhance the heat dissipation of different cooling and heating systems which use aluminium, such as LED, laser, electronic circuits, CPU heat sink, vehicle, indoor radiators, and others. Further works are needed to study the IR emissivity of different MAO alumina ceramics fabricated on the aluminium surfaces using different MAO treatment conditions and electrolyte compositions.
Conclusions
The increment of anodic current density widened the volcano-like microstructures and lowered its density, while the relatively occupied area by the volcano-like microstructures was approximately constant.
The high anodic current density thickened and roughened the MAO alumina ceramic. The major phases in the MAO alumina ceramic were -alumina, -alumina, sillimanite, and cristobalite. The increment of current density, from 10.94 A/dm 2 to 43.75 A/dm 2 , increased the concentration of -alumina from 3.9 wt.% to 27.6 wt.% and decreased the concentration of -alumina from 66.6 wt.% to 26.2 wt.%. For ≥ 14.58 A/dm 2 , the sillimanite and cristobalite concentrations were approximately constant around 40 wt.% and less than 5 wt.%, respectively.
The spectral IR emissivity was slightly varied in the semitransparent region, whereas no significant variation occurred in the opaque region. The slight variation of the emissivity in the semitransparent region was due to the surface roughness and thickness, and the existing phases did not contribute to the variations of emissivity in the semitransparent region. The existing phases contributed to enhancing the emissivity in the opaque region. The apparent peaks centered at 10.2 m and 12.8 m were formed by the cristobalite and sillimanite phases, while another peak at 15.5 m was formed by thealumina and cristobalite phases.
Using an ecofriendly alkaline silicate electrolyte, a relatively high emissivity MAO alumina ceramic was fabricated on the aluminium substrate. The MAO alumina ceramic has an emissivity peak of 97% at 12.8 m, measured at 70 ∘ C, and an average of LWIR emissivity ranged between 88.4% and 89.4%. More future studies are required to fabricate high emissivity ceramic surfaces using different MAO processing conditions and electrolytes.
